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ABSTRACT

The overall object of this contract is the reduction of
the welight-to-power ratio of the hydrogen-oxygen fuel cell. Work in
the third quarter of the contract has been concentrated on exploration
of the operating range of cells made up with Standard and High-Loading
electrodes in cambination with Fuel Cell and ACCO Asbestos matrices.
Extensive life-testing was also conducted and factors contributing to
performence decline investigated.

A 6 inch x 6 inch active area test cell was designed and
constructed. Theoretical analysis was made of the electrolyte concentration
and temperature gradients to be expected in a fuel cell operating with

dynamic heat and water removal with no auxiliary cooling.
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1. INTRODUCTION
1.1 Objectives

The objectives of the National Aeronsutics and Space Administration
Contract NAS 3-2786 are indicated by Article I in the Statement of Work of
RFP No. APGO-1508.

ARTICLE I - OBJECTIVES

(a) A fuel cell utilizing hydrogen and oxygen reactants is of considerable

interest to NASA because of its high electrical work output per unit of weight

of reactants. The efficiency of hydrogen-oxygen fuel cells is 60% or better in

practicel cells. These cells have & power plant weight of approximately 150
pounds per kilowatt neglecting reactants and tankage. The chief objective

of hydrogen-oxygen fuel cell research is the reduction of the weight-to-power
ratio.

(b) An importent factor in determining the fuel cell weight is the
weight of the electrode and its supporting structure. The intent is to
support research and development efforts directed towards obtaining electrode
systems which will produce a higher electrochemical reaction rate per unit
weight of electrode and assembly while maintaining a satisfactory fuel
consumption efficiency.

(¢) While this RFP suggests that high-performence, light-weight
electrodes are the basic interest, it should be understood that the weight
and efficiency of the entire power plant must be included to in fact achieve
the purpose of this effort: nemely, the reduction of the fuel cell weight-
to-power ratio.

1.2 Scogs

The scope of work to be done by American Cyanamid Campany during the .
contract year is outlined in the Schedule of Work, presented in the First
Quarterly Report (1).

Work in the third quarter undger Phase I of the Schedule of Work was
devoted primarily to the evaluation of performance of several promising
electrode-mgtrix cambinations over a wide range of experimental conditions.
Extensive life testing was conducted. In addition, work under Phase II
of the Schedule of Work was undertaken to scale up to 6 inch x 6 inch
single cells, and to consider analytically the design of a gas distributor
plate to be used in a prototype battery stack. Plans for work in the
fourth quarter of this contract are included in the last section of
this report.




2. SUMMARY

Following is a summary of the major findings of the third
Quarterly report period.

(l) Microscopic examinations indicate possible sintering
of platinum on the hydrogen electrode surface facing the asbestos matrix
during extended tests. There is no evidence that this change has any
effect on electrode performance.

(2) A study was made over a wide range of operating
conditions of the performance characteristics of cells having components
consisting of the four possible combinations of Standard and High-Loading
electrodes,with Fuel Cell Asbestos, and ACCO Asbestos.

(3) Optimum matrix thickness appears to be 20-40 mils for
ACCO Asbestos and 10-20 mils for Fuel Cell Asbestos. Use of this
thickness permits maximum stable current densities of over 1000 ma/em2 in
short term tests.

(4) Minimm cell resistance and maximum cell performance
was achieved at cell assembly pressure in the range 60-180 psi and at
electrolyte loadings of 1.5-3.0 g electrolyte/g ACCO Asbestos or
0.5-1.0 gf/g of Fuel Cell Asbestos.

(5) In genersl, cell performance increased with increasing
concentration of electrolyte at all current densities except at or
very close to maximum stable current densities. Performance decreased
sharply at concentrations below 3-5N, probably because the high partisal
pressure of water interferes with transport of reactants.

(6) Increase of absolute pressure to two atmospheres
markedly improved performance at low electrolyte conecentrations. Thus,
an increase in potential of 130 millivolts at 200 ma/cm?® is observed at
100°C in 3N KOH. Maximum stable current density is increased from

200 to 1200 ma/cm® by the same incresse in pressure.



(7) Performance generally increased and cell internal resis-
tence generally decreased as temperature was increased in the range

70-100°C. The temperature effect was more pronounced at higher electrolyte

concentrations. Performsnce at high current densities (e.g., 1000 ma/cm?)
is generally more stable when the cells are opereted at higher temperatures.i
(8) The operating temperature range was extended to 140°C and |
electrolyte concentration to 15-19N. Using High-Loading electrodes and
ACCO Asbestos, the combination of higher temperature and electrolyte
concentration permits a further improvement in performance. Thus, highest
performance was achieved at 1L0°C with 19K KOH. Working potential was
0.99 volt et 200 ma/cm? and 0.84 at 600 ma/cm2.
(9) The combination of High-Loading electrodes and ACCO
Asbestos proved best fram the standpoint of achieving maximum performance
in short term tests. Life-testing is in progress to determine the comparative
long term stability of these systems.

(10) 1In a study of the effect of cerbonate concentration on
performance it appears that over the range 0-200 ma/cm2 performance is
governed by absolute KOH concentration and is affected little by addition
of carbonate up to an equal concentration by weight.

(11) Life tests with High-Loading electrodes showed, in general,

a higher level of performance than with Standard electrodes. Magnitude
of voltage decline with time was about the same as for Standard electrodes.
High - Loading eiectrodes perform more stably at higher current densities.

(12) A cell containing Standard AB-1 electrodes was operated

at 100 ma/cm2 at 100°C for 1105 hours. Average decline rate was about

3 mv/100 hours.




(13) A cell containing Standard AB-1 electrodes has been
operated for 3374 hours at 100 ma/em?® at T0°C. During this period
gases were reversed (hydrogen on the oxygen side and vice versa) four
times and cell potential was maintained between 0.835 and 0.81 volt.

(14) 'Tests were run in which nickel parts of the fuel cell
vere systematically replaced by platinum. It appears that the small
observed decline in cell performance can be attributed to formation
of an oxide on the cathode support screen. Means of overcoming this
problem are under investigation.

(15) A pressure cell was constructed and tested satisfactorily
at pressures up to 60 psig.

(16) Optimum operating conditions for scale-up were
chosen depending on whether or not fuel and associated tankage is
included in total weight. In the former case operation at 13N KOH is
preferred, in the latter case SN KOH is preferred. The choige depends
on the relative importance of weight and power requirements of the
hydrogen circulation pump.

(17) A 6 inch x 6 inch single cell employing a gas distribution
system proven satisfactory by tests on a plastic model was designed and
constructed.

(18) In order to study theoretically the performance of a given
cell in a battery stack as it will be influenced by gradients in electrolyte
concentration, electrolyte loading, and temperature, a mathematical model
has been developed. General differential mass and energy balances were
set up and solved for a system employing dynamic heat and water removal
from the battery with no auxiliary cooling. Similar calculations are in

progress for the case with auxiliary cooling.



(19)

This simulation predicts for dynamic heat and water removal:

a. Temperature snd partial pressure of water in the bulk
hydrogen stream will be essentially the same as at the

ad jacent electrode surface at any point, even at current
densities in excess of 500 ma/cm2. :
b. The steady state electrolyte concentration gradients
will depend only on the temperature gradients.

c. Overall temperature and electrolyte concentration gradient%
should be independent of the distance between the inlet

and outlet channels.

d. Preheating of the hydrngen stream entering the battery
will be necessary to meintain KOH concentration above 5N.

e. In order to limit concentration gradients to a 2-3N

variation internal cooling will be required. (




3. MATERIALS TNVESTIGATION

3.1 Microscopic Examination of Used Fuel Cell Electrodes

During the course of the life-testing program, it has been
observed that the hydrogen electrode almost invariably develops a rather
uniform grey discoloration on the side facing the matrix. This "greying"
is not observed on the gas side of the hydrogen electrode, or on either
side of the oxygen electrode. Further, there is a tendency for the hydrogen
electrode (but not the oxygen electrode) to stick to the asbestos matrix.

In order to ald in interpretation of these observations, a number of

electrodes were submitted for electron microscopy. The electrode surfaces
were examined by a gelatin-silica replics technique which, in addition
to replicating the surface topography, also enabled a portion of the
constituents to be removed from the surface of the electrode for direct
examination in the electron microscope.

Samples submitted included unused electrodes, electrodes
used in life tests of varying duration, and electrodes exposed to hydrogen
or oxygen in a fuel cell assembly but with the same gas on both sides
so that there was no electrochemical reaction.

Both surfaces of the used electrodes (i.e. - matrix side
and gas side) were examined by electron microscopy. Only on the'matrix
side of the hydrogen electrodes tested under current drain was there

any discernable difference between the used and unused electrodes.



At this surface the platinum particles appeared coarser and more compact

J
than on the other surfaces. This effect is illustrated in Figures 3-1

to 3-3. Figure 3-1, an extraction replica of an unused electrode shows
|
Teflon latex particles and fibrils and aggregates of platinum particles.

Figure 3-2 shows a replica of the matrix side of a used oxygen electrode
Note that the "firestructure"” of the platinmum, visible around the edges

o

of the aggregates, is similar to that in the unused electrode. Figure 3*3

shows the matrix side of a used hydrogen electrode. This surface was
visibly greyed. The extraction replica indicates an apparent growth
of the ultimate platinum particles and compaction of the aggregates.
The microscopic examinetions described above indicate some

possible sintering of the platinum on the hydrogen electrode surface.
The fact that the changes observed occurred only at the matrix side

of the hydrogen electrode, and only when current was being drawn from

the cell, suggests that this sintering may be caused by the heat

released by neutralization of hydrogen ions as they are formed at
the electrode-electrolyte interface.

While there is strong evidence that some sort of sintering
process occurs under life test conditions, there is no real indication
that this sintering has any appreciable effect on electrode performance.
Electrodes which have developed a very pronounced grey surface during
life-testing kthOSe from 1life 2-45, for example) have been shown to

retain their original activity.




FIGURE 3-1 Extraction Replica of Surface of Unused AB-1 Electrode, 6464-51-15,
EM 20,000
16393-5




FIGURE 3-2 Extraction Replica of Front (Matrix Side) Surface of Used
AB-1 Oxygen Electrode, EM 20,000X 16397-5

\O




FIGURE 3-3 Extraction Replica of Front (Matrix Side) Surface of Used
AB-1 Hydrogen Electrode, EM 20,000X 16397-5




3.2 Corrosion Tests

Oxidation of nickel cell parts is believed to be a factor

contributing to the downwerd performance trends observed in the life-

testing program {see section 5.2.8). .Several approaches to this problem
are being investigated.
(a) Plating nickel parts (screens) with precious metals.
(b) Development of conductive oxide films by lithiation or
by electrochemical means.

(¢) Substitution of more corrosion-resistant, non-precious metals.:

For part (c), corrosion tests have been initiated on twelve metals

selected after a survey of the literature. These metals are listed in

Table 3-1.
TABLE 3-1
Metals for Corrosion Testing
Alloy Major Constituents, Wt. %
Cr Ni Mo Cu F T Co W AL G

Monel - 67 - 31 - - - - - -
Hastelloy R-235 15 65 5 - 9.5 2.5 - - 2 -
Hastelloy B - 66 27 - 5 - - - - -
Hastelloy C 15 5% 16 - 6 - 1 b - -
Carpenter 20 Cb - 20 27 2.5 3.5 Lk - - - - 1
Nimonic 75 20 77 - - 1 - - - - -
TIneoloy 80k 30 kb - - 24 - - - - -
Inconel 5 77 - - 7 - - - - -
Alley 25 9 9 - - 3 - 5. 15 - -
Nickel

Nickel L (Low Carbon)

Zirconium

11




Corrosion tests on the &bove metals are in progress. Sample
coupons were pertially submerged in a 35 wt. % KOH solution at 110°C, with
oxygen bubbling through. The samples are to be checked for resistance
to tarnishing and for weight loss. It may also be possible to obtain
information pertinent to the use of these metals in fuel cells by measuring
the electrical resistance of the samples (inecluding surface oxide films)
after exposure in the corrosion tests.

While these corrosion tests are still in progress, some
qualitative observations can be made at the present time. All of
the samples showed some degree of tarnishing within ten days of
exposure. The best metals from this standpoint appear to be zirconium,

low-carbon nickel, and Inconel.

12



4. ELECTRODE DEVELOPMENT

For the present, High-Loading electrodes containing 40 mg Pt/cm2

and 25% Teflon deposited on a 40 mesh 10 mil wire nickel screen are |

considered as the new preferred electrode for use in life-testing and ‘
|

scale-up programs. Investigations currently in progress in the areas

of life-testing and corrosion resistance should determine if further modifi-

cations are desirable.

13




5. SMALL SCALE TESTING

5.1 Performence vs. Operating Conditions

In order to determine operating conditions which give maximum
performance, the investigetion was continued on the effect of cell
assembly and operating variables for the following four electrode-

matrix systems:

Electrodes Matrix
Standerd Type AB-1 (9 mg Pt/cm®) ACCO Asbestod ®)
Standard Type AB-1 (9 mg Pt/cm2) Fuel Cell Asbestos(a"b)
High-Loading (40 mg Pt/cm?) ACCO Asbestos
High-Loeding (40 mg Pt/cm2) Fuel Cell Asbestos

Cell assembly and operating variables included:
1. matrix thickness
2. cell assembly pressure
3. electrolyte loading
k., electrolyte concentration
5. temperature

6. pressure

5.1.1 Matrix Thickness

The effect of matrix thickness was studied in 1" cells. At
100°C, using High-Loading electrodes, 13N KOH, and varying numbers of
sheets of Fuel Cell or ACCO Asbestos. In the range 20-40 mils(c)for ACCO
Asbestos or 10-20 mils for Fuel Cell Asbestos, the working voltage was
essentially independent (within 20 mv) of matrix thickness for current

densities up to 300 ma/cm2. (See Figures 5-1 and 5-2)

2&) Desceribed in Reference {1)(First Quarterly Report)

b) Johns-Manville Co.

(c) In the present discussion thickness prior to compression in the cell
is used for comparative purposes.

1k
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At greater matrix thicknesses and st higher current demsities, cell voltage
falls markedly, and a characteristic maximum steble current density(a) for
each thickness and type of asbestos has been determined. This quantity

is indicated by the dashed lines in Figures 5-1 and 5-2. These data

show that 10-20 mil matrix thickness would be most suitable for maximum
performance over a wide range of current densities.

At equal matrix thickness and equal total electrolyte loadings(b?
the two matrix materisls yielded comparable voltages for thicknesses up to
20 mils and current densities up to 200 ma/cmz. At higher thicknesses
and current densities, ACCO Asbestos yielded increasingly higher voltages
than Fuel Cell Asbestos. This resulted partly from the lower internal
resistance of cells containing the relatively more porous ACCO Asbestos.
With either matrix, the increase in cell internel resistance(c) with
increasing matrix thickness accounted for roughly 75-90% of the decrease
in voltage in the lower ranges of current density and matrix thickness,
and only 25-40% in the upper ranges. The latter data indicate increasing
electrolyte diffusion limitations with increasing matrix thickness and

current density.

(a) Meximm current density is the approximate limit at which stable
operation in a short term test (15 minutes) can be achieved.

(b) At equal thicknesses, 2 g solution/g dry ACCO Asbestos gives the
same total electrolyte loading as 1 g solution/g dry Fuel Cell
Asbestos, since the former is approximately half as dense as
the latter.

(¢) Cell internal resistance measured by a Keithley Model 502 milliohmmeter.

17




CELL INTERNAL RESISTANCE (Ohms)
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As shown in Figure 5-3 cell internal resistance was propor-
tional to matrix thickness and extrapolated to zero resistence at
zero thickness, indicating no other significant cell losses. Resistivities
were calculated from the slopes of the lines in Figure 5-3. As shown below,
that for ACCO Asbestos is lower than that for Fuel Cell Asbestos, amd both,

as would be expected, are greater than that for the electrolyte alone(3).

Resistivity
ohm-cm
ACCO Asbestos + 13N KOH at 100°C 1.hk9
Fuel Cell Asbestos + 13N KOH at 100°C 3.86
13K KOH at 100°C 0.68

5.1.2 Cell Assembly Pressure and Electrolyte Loading

Previous work(e) showed the effect of initial electrolyte loading
and cell assembly pressure on electrolyte distribution, cell internal
resistance and performance with Standard AB-1l electrodes and Fuel Cell
Asbestos matrix in 2" x 2" cells. Similar data were obtained this
quarter for both Standard AB-~l electrodes and High-Loading electrodes,
using ACCO Asbestos aend equivalent conditions of matrix thickness (20 mils),
temperature (70°C), pressure (atmospheric), and KOH concentration (7K).

For the Standard AB-1 electrode - ACCO Asbestos matrix system,
Table 5-1 shows the distribution of electrolyte in the assembled cell
among the matrix, the electrodes, and the spacer screens for initial
electrolyte loedings ranging from 0.5-3.0 g/g. This distribution
was virtually independent of cell assembly pressure from 30-180 psi
over the entire range of electrolyte loadings. Ccmparison(a)with
data reported previously(z) for the Standard AB-1 electrodes - Fuel Cell

Asbestos matrix system at 60-180 psi indicates the following similarities:

(a) See footnote (b), preceding page
20



l. The amount of electrolyte remaining in the matrix after
assembly was nearly proportional to the electrolyte loading.

2. At a given sbsolute amount of electrolyte losded, the
percentage pressed out of the matrix (12-33%) was essentially the same
for the two matrices.

3. The quentity of electrolyte pressed into the electrodes
increased relatively 1little with loading, was roughly the same for each
system, and amounted to about 14-28% of the dry electrode weight (compared

to a "saturation" level of sbout 40%) for the two matrix systems.

The effects of electrolyte loading and cell assembly pressure
on cell internal resistance are shown in Figure 5-k. With both AB-1
and High-Loading electrodes, cell resistance was very high at electrolyte
loadings of 0.5 g/g, but dropped sharply to & minimum at ebout 1.5 g/g.
Cell essembly pressure in the 60-180 psi range had very little effect on
internal resistance. The high cell resistances obtained at low
electrolyte loadings may indicate that under these conditions the
electrolyte cannot distribute evenly throughout the matrix so that
some areas are left dry. For both Standard and High-Loading electrodes,
the optimum conditions for low cell internal resistance are at electrolyte
loadings of 1.5;3.0 g/g and cell assembly pressures in the range 60-180 psi
Similar optimum conditions with respect to absolute amount of electrolyte
and cell assembly pressure were previously found for the system

consisting of Standard AB-1 electrodes and Fuel Cell Asbestos Matrix.
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Figures 5-5 and 5-6 show the effect of electrolyte loading
on performance with ACCO Asbestos matrix. In this case, the data
were obtained at T0°C, using TR KOH. Figure 5-5 shows data for Standard AB-1
electrodes and Figure 5-6 data for High-Loeding electrodes. Figure 5-5
also shows the effect of cell assembly pressure in the range 60-180 psi.
With either type of electrode, no current could be drawn at
loadings of 1.0 g/g, probably because this amount of electrolyte was
insufficient to permit good electrolytic contact between matrix and
electrodes. At higher loadings, stable current densities of 100-40O ma/cm2
were obtained. The cell assembly conditions for optimum performance are
2-3 grams KOH solution per gram dry matrix and an assembly pressure of
120-180 psi, i.e., roughly the seme as already noted for minimum cell
resistance. As reported previousl}lehese same conditions (in terms of
absolute electrolyte loading) give optimum performance with the Standard
AB-1 electrodes - Fuel Cell Asbestos matrix system. While no data of
this type were obtained for the High-Loading electrode - Fuel Cell Asbestos
matrix system, it seems reasonable to assume that equivalent conditions

are optimm for that system also.

5.1.3 Electrolyte Concentration

Figure 5-7 shows the effect of KOH concentration on the
internal resistance in one-inch diameter cells for the four
electrode matrix systéms at 100°C; similar data at TO°C was reported
previously(e). The optimum electrolyte loading (1.0 and 2.0 g/g for

Fuel Cell Asbestos and ACCO Asbestos, respectively) and cell assembly pressure
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WORKING POTENTIAL, Volis

CELL PERFORMANCE vs. ELECTROLYTE LOADING
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120-180 psi) were used. The matrix was 20 mils thick. Cell resistance

is 1ittle affected by electrode type. ACCO Asbestos gave lower resistance
than Fuel Cell Asbestos, in combination with either electrode, over

the entire range of KOH concentration (1-13N). Resistance decreased
sharply with increase in concentration in the range 1-3N and was little
affected in the range 3-13N. The resistance -~ concentration curves

have the same general shape as the equivalent curve for free electrolyte.
The latter was calculated from published conductivity data for aqueous
KOH at 100°C(3), using an area equal to the active area of the cell and

thickness equal to that of the uncompressed matrix.

The dependence of cell performance on KOH concentration at
100°C and atmoshperic pressure is shown in Figures 5-8 through 5-11
for the four electrode-matrix systems. Similar data at 70°C were
reported previously(22 At each concentration, the highest current
density shown is the maximum current density which could be sustained
in a short tem test. At the highest current densities, there is
considerable scatter in the data, leading to considerable uncertainty
in the curves shown. Concentration effects at 13-1TN with High-Loading
electrodes and ACCO Asbestos were investigated by loading 13N KOH into
the matrix and then concentrating in the cell with gas flows in excess

of those reqnired'to maintain 13N KOH.
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The following conclusions may be drawn:

(1) 1In the concentration range 5-13N, cell performence in all
four systems increased with increasing concentration at all current densities
except for current densities at or very close to the maximum. Depending
upon the system and current demsity, the voltage increases ranged from
20-90 millivolts. These voltage increases were not caused by decreases
in cell resistance since at 5-13N, cell resistance was either constant
or even increased slightly (Figure 5-7). Furthermore, only a part of the
voltage increase reflects the theoretical rise in reversible emf (20 millivolts)
over this concentration range. It appears then that increased KOH concentration
may lead to improved performance by decreasing activation or gas diffusion
polarization.

(2) Cell performence decreased sharply at concentrations below
3-5N depending upon the matrix. In this concentration range, current
densities of only 100-200 ma/cm® were attained. At 1N, this decrease was
due partly to low elecsrolyte conductivity resulting in higher cell internal
resistance (Figure 5-7). This is not the case at 3N KOH. The low maximum
current density at 3N with ACCO Asbestos may be due to diffusion limitations
caused by low partial presssures of reactant gases (100 mm Hg). At 70°C,
the reactant gas partial pressure is 560 mm Hg end current densities up to
1400 ma/cm2 could be attained. (This view is further supported by the effect
of total pressure, described in Section 5.1.4.)

(3) At 13-17K (Figure 5-11) voltages were little affected by
concentration at current demsities up to 400 me/cm®. At higher current
densities, voltages decreased with increasing concentration probably
because at these concentrations (17N = 61% KOH, which epproaches the
solubility limit of KOH at 100°C, 65%), the conductivity of KOH solutions

decreases sharply.
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Raising the temperature, thereby increasing the electrolyte conductivity,

allowed maintenance or improvement of cell performance at higher

KOH concentrations. Performance at very high concentrations and temperatures

is discussed in more detail in section 5.1.6.
5.1.4 Pressure

With ACCO Asbestos as the matrix, the maximum current density
at 1 atm., 100°C, and 3N KOH was 200 ma/cm®. Increasing the total pressure
at each electrode to 1.5 and 2 atm. increased the meximum current density
to 600 and 1200 ma/cm2, respectively, and substantially increesed the
voltage at stable current densities (Table 5-2). This suggests that at
1 atm., the rate of diffusion of the reactants is limiting; the relatively
low reactant partial pressure (100 mm Hg) caused by the high water vapor
pressure, may lead to high gas concentration polarization. This view is
supported by the magnitude of the voltage increase with increased pressure
at steble current densities, 60-130 mv, which is considersbly higher then
the theoretical 20 mv increase in the reversible emf for an increase in

pressure from 1 to 2 atmospheres.

5.1.5 Temperature
The effect of temperature in the range 50-100°C on cell internal

resistance is shown in Figure 5-12 for High-Loading electrodes and ACCO

Asbestos at SN and 13N KOH. It may be noted that at the higher comcentration,

resistance decreased more rapidly with temperature increase. At both 5N
and 13N, the resistance-temperature curves parallel the equivalent curves
for free electrolyte, indicating that the observed decrease in cell

resistance with increasing temperature was caused solely by the increase

in comductivity of the electrolyte.
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TABLE 5-2

Effect of Pressure on Cell Performance

High-Loading Electrodes - ACCO Asbestos Matrix (20 Mil) - 100°C - 3N KOH

One-Inch Cell

Working Voltage

Absolute At Current Density (ma/cm?) of
Pressure
(AT™M) 100 200 300 400 500 600 800 1200
1.0 .86 .76 * * * * * »
1.5 87 .83 .78 STh 67 .58 * *
2.0 .92 .89 .86 .83 .81 .78 .73 .61

*Current Did Not Hold
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Figures 5-13 and 5-1k show the dependence of cell performance
on temperature for this electrode-matrix system at SN and 13K KOH. The
curves for the two electrolyte concentrations are quite similar, the
higher concentration indicating, in general, somewhat better performance.
At high current densities, the dependence of performance on temperature
is large at temperatures up to 70-80°C, Above this temperature, performance
tends to level out or increase slowly. The increase in performance with
increasing temperature fram 50-80°C may result from a decrease in electrolyte
concentration polarization. It cannot be attributed to either reversible
emf or internal resistance effects. Reversible emf is an inverse function
of temperature, as reflected by the slight decrease in open circuit voltage
with increasing temperature (Figures 5-13 and 5-14). Decreased internal
resistance accounted for only 5-25% of the voltage increase at both KOH
concentrations and all current densities. At 50°C, electrolyte concentration
polarization was severe enough to limit the maximumm current density to
600 ma/cm®, compared to 1000-1400 ma/cm2 at T0-100°C.

As with the Righ~Loading electrode - ACCO Asbestos matrix
system, the performance of the other three systems generally increased
and the cell internal resistance generally decreased with increasing
temperature (70-1oo°c). This is shown in Table 5-3 at SN and 13N KOH.
Again the temperature effect was more pronounced at the higher electrolyte
concentration.

Performance of High-Loading electrodes at temperatures above

100°C is discussed in Section 5.1.6.
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5.1.6 High Temperature and Electrolyte Concentrations

As discussed in Sections 5.1.3 and 5.1.5, performance generally
improves with increasing temperature and electrolyte concentretion.
However, at a given temperature, performance appears to be limited by
increasing ohmic polarization as concentration is increased, while at a
given concentration, gas diffusion limitations become evident as the
temperature is increased. Therefore, some exploratory studies were
made in which both temperature and concentration were raised to very high
levels.

High-Loading electrodes and ACCO Asbestos were used in these
tests. The data are summarized in Table 5-4. At 120°C, voltages were
essentially independent of concentration at current densities up to 300
ma/cmg. At higher current densities, performance with 18N KOH was poorer
than at 13N. At 140°C, performance generally increased with increasing
KOH concentration from 15-19N over the entire range of current densities,
In the range 100-400 ma/cm2, performance at 140°C with 19N KOH was the
highest so far observed for atmospheric operation. This high performance
probably results in part from the rapid increase in the reversible emf

as KOH concentration is increased sbove lSN.(h)

5.1.7 Electrode and Matrix Type

The performance data discussed above show that High-Loeding
electrodes (40 mg Pt/cm2) give higher initial performance at all current
densities than do standard AB-1 electrodes (9 mg Pt/cm2), with either ACCO
Asbestos or Fuel Cell Asbestos, and at all combinations of matrix thickness,
cell assembly pressure, electrolyte loading, electrolyte concentration
and temperatures which were studied. The ramge of current densities over
which the variation of voltage with KOH concentration is relatively small
is considerably greater for High-Loading electrodes (up to 1200 ma/cm2) than

for Standard AB-1 electrodes (up to 300 ma/ecm2). Thus,High-Loading electrodes
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should be able to operate at higher current densities with less difficulty
from voltage changes caused by KOH concentration fluctuations during
sustained operation.

The ACCO Asbestos matrix generally gives higher initial performance-
than does an equal thickness of Fuel Cell Asbestos, with either Stenderd AB-l
or High-Loading electrodes, at nearly all combinations of the operating
variables mentioned above.

On the basis of initial performance, the High-Loading electrodes -
ACCO Asbestos matrix system appears to be the best of the four. Life-testing
i1s in progress to determine the comparative long-term stability of these
systems.

5.1.8 Carbonate Concentration

Some additional data have been obtained on the effect of carbonate
concentration on initial cell performance. These data, together with
data previously reported, are summarized in Table 5-5. It appears that
in the range 0-200 ma/cma, performance is governed largely by the total
KOH concentration, and for KOH concentrations above 15%, is little affected
by the presence of additional K-CO3 up to 15%. The data indicate that
for an cperating cell in which the initial electrolyte concentration was
30% KOH (‘7TN), approximately half of the KOH could be converted to
carbonate without & loss in performance of more than 40 or 50 mv at
100 to 200 ma/cm2. On the other hand, conversion of more than half
of the KOH to carbonate might well cause a major loss in performance
simply because the KOH concentration would then be too low.

Analyses for carbonate were made on the matrices from two life
tests run during this period. Both tests, 2-29 and 2-32, were run at 400 ma/cmz,
and used high gas flow rates. These analyses indicated that approximately

5-10% of the KOH originally present had been converted to carbonate.
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TABLE 5-5

Effect of Carbonate Concentration on Cell Performance

Wt.%
KOH

15
16.5
19
23

30
30
3k
38.5

Electrodes:
Matrix:

Standard AB-1 (9 Mg Pt/Cm?)
20 Mil Fuel Cell Asbestos

Temperature: T0°C

Pressure:

wt.%
KzC0a

15

O w O O

1 Atm.

Volts at Indicated Current Density

43

_ko_ 50 100
875 - .825
- .885 .835
- .90 .8
- .89 .8l5
- 91 .86
- .915 875
91 - .865
- .915 875
1925 - 875

200 ma/cm?®
.76
.76
T
775
765
81
.80
81

.79



This level of carbonate would not account for the rapid decline in perform-
ance observed in these tests. Carbonate analyses on tests which have run
for longer periods of time are in progress.

5.2 Life-Testing

Life tests conducted during the third quarterly report period
are summarized in Table 5-6. During this period, increased emphasis
was placed on the evaluation of High-loading electrodes, and on testing
st higher temperatures (100°C) and higher current densities (up to 400 ma/cm?).
Tests in which inert materials such as platimm and Teflon were substituted
for nickel cell parts were run to determine whether corrosion of the latter
might be a factor contributing to the slow decline in performance generally
observed in the life-testing program.

5.2.1 Used Electrodes

(1)
It has been previously reported that Standard AB-1 electrodes,

when washed and reassembled in & new cell following life-testing at

70°C, give polarization date equivalent to that for fresh electrodes.

To determine whether there may have been any change in the stability of
operation, a pair of electrodes that had been life tested for 1000 hours
(2-27) was washed and installed in a new cell for further testing (2-36).
The electrode that was previcusly used as the H, electrode was retained

as the hydrogen electrode. As shown in Teble (5-7), the two tests appear
quite similar except for the voltage decline after 750 hours total elapsed
time. It is suspected that the high decline rate at the end of the second
test may have been due to a poor water balance.

5.2.2 High-Loading Electrodes

Several tests were run with High-Loading (40 mg Pt/cm®)
electrodes, using dry feed gases at 70°C. Test 2-43, which was termin-

ated after 1032 hours, showed the high initial performance typical of

bk
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Starting
Maximum Voltage
Average Voltage Decline:

100-750 hrs.
750-1000 hrs.

Minimm Cell Resistance

Average Resistance

Rise During Test:

TABLE 5-7

Life Test of Used Electrodes

Test 2-27 Test 2-36
(New Electrodes) (Used Electrodes)
0.800 v(l) 0.660 v(l)
0.84k v 0.833 v
5 mv/100 hr. S mv/100 hr.
9 mv/100 hr. 23 mv/100 hr.
10.8 milliohms 15.0 milliohms
1 milliohm/100 hr. 0.7 milliochm/100 hr.

(1) Low initial voltage due to high initial electrolyte loading
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High-Loading electrodes. A downward trend in voltage (10 mv/100 hrs.)
and an upward trend in cell internal resistance (1.8 milliohms/100 hrs.)
similer to those previously observed in tests with Standard electrodes
were also noted. In life test 2-57, High-Loading electrodes are being
used with an ACCO Asbestos matrix, and in life test 2-54, High-Loading
electrodes having expanded metal rather than woven-wire nickel support
screens are being tested. Over the first several hundred hours of these
latter tests, performance trends are similar to these in life test 2-L3,
although in the test with the expanded nickel support screens, voltage
appears to bte dropping somewhat more rapidly.

In other tests, High-Loading electrodes were evaluated
at 100°C, and at high current densities (400 ma/cme). These tests will

be described in later sections of this report.

5.2.3 Matrix Variations

Throughout most of the life-testing program, Johns-
Manville Fuel Cell Asbestos has been used as a standard metrix material.
However, ACCO Asbestos(l) appears to offer a possible advantage in
terms of higher performance, particularly at high current densities.
This matrix has, therefore, been used in several 1life tests to determine
its stability over long periods of time. Earlier in the progran‘l),
relatively stable performance with ACCO Asbestos at TO°C was indicated
in 1life test 2-3 (6582-18). In the current series of tests, ACCO
Asbestos has been used at 70°C with High-Loading electrodes in tests run

at both 100 and 40O me/cm2. Life test 2-57, at 100 ma/cm®, has run well for 186 hours

b7



Life test 2-40 has run for 1105 hours at 40O ma/cm2, and is continuing,
although at a relatively low performance level (ca. 0.50 v). These

tests indicate that ACCO Asbestos probably has adequate stebility at TO°C.
Several tests with ACCO Asbestos at 100°C have been run (these tests are
described in the following section), but stability et 100°C has not yet
been demonstrated.

5.2.4 Tests at 100°C

Four teste have been run at 100°C, using Standard AB-1 and
High-Loading electrodes, Fuel Cell Asbestos amd ACCO Asbestos. In all
tests, the inlet gases were saturated with water at 70°C. Life test 2-33,
with AB-1 electrodes and Fuel Cell Asbestos, operated very stably for
1032 hours. As shown in Figure 5-15, voltage decline (sbout 3 mv/100 hrs.)
and resistance rise (0.7 milliohms/100 hrs.) were quite low. Good comtrol
of water balance is indicated imn this test by the general smoothness of
the voltage and resistance curves.

The three other tests at 100°C in this series all exhibited
a sharp decline in voltage and rapid rise in resistence and were terminated
after only a few hundred hours. Two of these tests used ACCO Asbestos
(2-45 and 2-51); the other (2-59) used Fuel Cell Asbestos. The poor
performance in these tests may quite likely be attributed to factors
other than instability of the matrix. The electrodes from life test 2-45
were washed and reeveluated. There was no loss in performance as compared to
fresh electrodes. Thus, if there has been any degradation of the ACCO Asbestos

at 100°C, it has not caused any permenent deactivation of the electrodes.
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Testing at 100°C will continue in order that more definite conclusions with
respect to electrode and matrix stability may be drawn.

5.2.5 High Current Densities

In order to determine which electrode - matrix system and
combination of operating conditions would be most satisfactory for operation
at relatively high current densities, a series of life tests at 400 ma/cm2
was run. The tests were made at T0°C and O psig, using SN KOH. Two tests
were run with Standard AB-1 electrodes and Fuel Cell Asbestos, using dry
gases in one case (2-29) and saturated gases in the other (2-32). "Mwo
other tests were run with High-Loading electrodes and ACCO Asbestos (2-34 and
2-40). 1In all these tests, there was a relatively rapid downward trend in
voltage, as well as wide fluctuations within the overall trend. Interestingly,
though, there was no apparent upward trend in cell resistance comparable to
that observed in tests at 100 ma/cm2., The tests with High-Loeding electrodes
and ACCO Asbestos started at a higher level and dropped samewhat less
rapidly than did the tests with Stapndard AB-1 electrodes and Fuel Cell
Asbestos. One test (2-40) was continued for over 1,000 hours. Wide
fluctuations were observed indicating great difficulty in controlling the
water balance at this high current density.

Two other tests (2-56 and 2-60) have been run at an intermediate
current density (200 ma/cmz). These tests were run in cells heaving
pletinum electrode-support and spacer screens in place of nickel
(see section 5.2.8). In one case, performance was poor and the test
was terminated after 143 hours. The second test (2-60) has been running

for only 64 hours, but has run stably during that period.
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5.2.6 Effect of Gas Reversals

Life test 2-2L4 continues to run well after 3374 hours of operation
at 100 ma/cmz. In this test, the gases have been reversed (hydrogen on
the oxygen side and vice-versa) four times. Slow downward trends in
voltage and upward trends in cell resistance between gas reversals have
been arrested by the reversals. Except for brief periods when the cell
was out of water balance, voltage has been maintained between .835 and
.81 volts and cell resistance between .009 and .012 ohlms for 2700 hours
since the first gas reversal.

5.2.7 Variastions in Waterproofing Level

The standard level of waterproofing for the electrodes used
in this program has been 25% Teflon. Same work reported previously(z)
indicated that electrodes with lower Teflon levels performed somewhat
erratically in short term polarization tests. During the current report period,
electrodes containing both lower (14%) and higher (50%) Teflon levels were life-
tested. In life test 2-38, High-Loading electrodes containing 14% Teflon ran
poorly for about 160 hours until the gases were reversed. Following gas
reversal, the level of performance improved, but the usual trends in
voltage and cell resistance were observed. In life test 2-42, electrodes
naving standard platinum loading (10 mg/cm®) but with 50% Teflon were tested.
In this test, the initial voltage was somewhat low (0.82 v). After about
100 hours of operation, voltage began to decline and resistance to rise et
an accelerated rate. These trends could not be altered by variations in gas

flow rate. The gases were reversed at 330 hours, and following this reversal, both




voltage and cell resistance returned abruptly (within several hours) to
normal values. The cell then ran stably for approximately 250 hours before
starting asnother period of accelerated decline, leading to termination of
the test after 835 hours. The accelerated trends in this latter test may
have been due to "over-waterproofing" in the electrode. In view of these
results, it does not appear desirable to change the waterproofing level from
the standard 25%.

5.2.8. Platimm and Teflon Screens

In view of the beneficial effect on both voltage and resist-
ance following gas reversals, it was felt that the observed downward
trends in performance might be due at least in part to corrosion cof the
nickel screens used as electrode support and as spacers in the test cells.
To check this hypothesis, & life test (2-39) was set up with no nickel
exposed to the gases or to the electrolyte. The electrodes consisted
of 10 mg Pt/cm2 on platinum screen. Spacer screens were platinum and
the inside surfaces of the nickel face plate were lined with platinum
foil. As shown in Figure 5-16,this cell ran for 800 hours at 100 ma/cm@
with no loss in voltage, and no increase in cell internal resistance.
After 800 hours, performance declined rather rapidly. On disassembling
the cell after shutdown, solid deposits of KOH, which interfered with
electrical contact within the cell and also permitted cross-flow of gases,
were observed. Thus, the decline in performance does not appear to have
been directly associated with the electrodes.

The performance obtained in life test 2-39 strongly sug-
gests that corrosion of nickel cell parts is a factor contributing to
the downward performance trends generally observed in our life-testing

program, To determine whether the difficulty lies in the electrode
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support screen or in other parts of the current collector circuit
(spacer screens, etc.), & life test (2-46) has been set up with 10 mg
Pt/cm2 on platinmum screen electrodes, but otherwise standard nickel parts.
This cell has been running for 738 hours, and has shown only & very slight
downward trend in volitage (< 2 mv/100 hrs. after the first 24 hours) and
very little if any upward trend in cell resistance(< .2 milliohms/lOO hrs.).
It appears, therefore, that the major problem lies in the electrode support
screen.

Examination of the nickel screens at the end of a life test
generally shows that those at the oxygen side are tarnished, whereas
those at the hydrogen side are still bright. This suggests that formation
of oxide films mey effect cell resistance and therefore a&lso the voltage
output. Further life tests using platinum screens only on the oxygen
side of the cell are plenned.

The use of woven Teflon sereen to replace nickel screen as
an electrode support has béen considered. Although the Teflon support
screen 1s not electrically conductive, good performance can be achieved
using & close-meshed current collector screen. Figure 5-17 shows
polarization data for & pletinum-on-Teflon screen electrode compared
with a Standard AB-1 electrode. Performance is good, although somewhat
lower than the standard. A life test (2-53) utilizing platinum-on-Teflon
screen electrodes has been started. For 234 hours, this test has been

running stably at .83-.8% volt and .009-.010 ohms cell resistance.
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5.2.9 Cell Design for Life-Testing Under Pressure

A cell has been designed and constructed for operstion at
pressures up to 60 psig, end with differential pressures between H, and
0> of at least 5 psig. Figure 5-18 shows the basic design features. The
active area, as with the standard cell, is 2" x 2". Ges distribution within
the active ares (not shown in the figure) is also the seame as in the
standard cell. Sealing ageinst cross-leakage of gas is accomplished
by compression of the matrix between the lands in the grooved erea
surrounding the active area of the cell. The grooves permit electrolyte
to be squeezed out during cell assembly, thus preventing hydraulic
rupture of the matrix. Leakage of gas or eleetrolyte out of the cell is
prevented by an O-ring seal.

Preliminary tests indicate the basic design to be satisfactory,

and & life test under pressure is planned.
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6. SCALE-UP

6.1 Choice of Operating Conditions

For scale-up work it is desirable to select an electrode-matrix
system, cell assembly conditions, and operating conditions which will
lead to minimm weight/net power of an entire battery s&stem, including
battery, all auxiliary equipment for heat and water removal and power
control, and fuel plus associated tankage. Where the weight of fuel
plus associated tankage is an overriding factor in system weight (long
missions), maximum voltage output at reasonable current density is desired.
Where fuel and associated tankage weight is not an overriding factor,
calculations reported previously(e) showed that maximum battery humidity
is desirable (even though cell performance is slightly lower) because
of lower welght and power consumption of equipment for removing battery
heat and wster.

With these two cases in mind, Table 6-1 summarizes the combination
of electrode-matrix system, cell assembly, and operating conditions which
the performance data described in Section 5 of this and the Second Quarterly
Report indicate to be at or near the optimum. The maximum temperature
considered was 100°C. The optimum gas pressure is not stated here, since
work to define it is still in progress, but preliminary data show that
the best operating pressure will be greater than atmospheric. Two
electrolyte concentrations, SN and 13N, are shown. The higher concentration
corresponds to maxirmum performance and low battery humidity, hence
minimum weight/net power of a battery and fuel plus associated tankage.

The lower concentration corresponds to performance somewhat below the
maximum but to maximum battery humidity, hence to minimum weight/net
power of equipment for removing battery heat and water. The system and

conditions listed in Tsble 6-1 will be used for scale-up work at 100-500 ma/cm2.
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The data of Section 5.1.7 show that still higher initial
performance may be obtained at temperatures above 100°C, particularly at
KOH concentrations above the solubility limit at 100°C. Work is in progress
to investigate further operation at 100-200°C and to define optimum
operating conditions. It is anticipated that work in this temperature
range will introduce new materials problems, particularly with respect

to matrix stability.




6.2 Design of 6" x 6" Cell

A fuel cell was designed and constructed for evaluating the
performance of scaled-up electrodes (6" square) at pressures above at-
mospheric. The nickel face plates were designed to provide uniform
gas distribution over the electrodes by manifolding from a l/h in.
diameter header through evenly spaced 1/8 in. diameter channels, and
then through 1/32 in. diameter orifices spaced at 1 in. intervals along
the length of each channel (Figure 6-1). Gas discharge will be through
an identical manifold whose channels run parallel to and alternate with
the channels of the inlet manifold. The nominal path of gas flowing
through each inlet orifice over the electrodes is 1 in. Previous ex-
perimental work with 1 in. diameter and 2 in. square electrodes indicated
that this path length is sufficient to saturate each gas with water vapor
without causing electrolyte concentration gradients large enough to
affect cell voltage adversely.

Gas distributions were measured experimentally in a plastic
model of the face plates of the scaled-up cell over the entire expected
range of total hydrogen and oxygen flow rates (70-8000 cc/min.). The
flow rate of both hydrogen and oxygen among the manifold channels was
found to vary by a maximum of 15% at 1000-8000 cc/min. total flow, and
by a maximum of 20% at 70-400 cc/min. The flow rates of both hydrogen
and oxygen among the rows of orifices varied by a maximum of 15% at
average flows of 487-1130 cc/min. in the channels. At very low flows
in the channels (15-167 cc/min.), the variation among the rows of orifices
was as high as 25-30%. These experimental data indicate that gas distri-

bution in the 6" x 6" cell will be sufficiently uniform.
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6.3 Mathematical Simulation of Fuel Cell Operation

As described in Section 5, the performance of a given cell
assembly operated at a given total pressure depends on the electrolyte
concentration, electrolyte loading, and the temperature. It is expected
that during steady state batteryoperation, gradients in these three
variables will exist over the face of the electrodes and through the
thickness of the electrode-membrane sandwich. Consequently, for optimum
performance of the fuel cell system, the battery should be designed and
operated to limit these gradients within the boundaries defined by the
data of Seection 5.

The effect of battery design and system operation on the mag-
nitude of these gradients at steady state in a battery cell was simulated
by a mathematical model. General differential mass and energy balances
were set up and solved for a system of dynamic water and heat removal
from the battery with no auxiliary cooling. Similar calculations are
in progress for a dynamic system with auxiliary cooling. The simulation

is described below.
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6.3,1. Development of the Model

6.3.1.1. Physical Picture and Assumptions

The actual cell design has not been chosen at this point so it will
be necessary to utilize a suitable general model which can be easily adapted
to different designs. The cell configuration, flow scheme, and coordinate
system chosen for this simulation are shown in Figure 6-2. It is assumed
that the hydrogen enters from a channel which distributes gas uniformly along
the line x = 0. Similarly, gas is removed uniformly along the edges of the
cell at x = £ a. Equations will be written for one unit of this cell, i.e.,
from x = O to x = a. Other cell configurations, which may contain more inlet
and exit channels, can then be built up from this single unit.

An actual fuel cell battery will consist of a number of individual
cells in series. At present,a thirty cell, twenty-eight volt unit is envisioned.
This simulation will cover a single cell in the midst of such a battery: that
is, there will be no transfer of heat to adjoining cells. Referring to Figure
6-2, a single cell is composed of:

a. the hydrogen half of the distributor plate;

b. the hydrogen gas space, containing a screen to distribute

the flow and also keep the electrode pressed against the
electrolyte membrane;

c. the hydrogen electrode;

d. an asbestos membrane containing the electrolyte, a potassium

hydroxide solution;

e. the oxygen electrode;

f. oxygen gas space screen;

g. the oxygen side of the distributor plate.
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The sandwich formed by the thin electrolyte membrane and the
two thin electrodes comprises a compact unit on which heat and mass bal-
ances may be taken. Hereafter in this section, this "sandwich" will be
(a)

referred to as the matrix.

The screen in the gas space touches the electrode and distributor
at points which are but a small percent of their total surfaces. The screen
will, however, increase the effective heat transfer area of these surfaces in
the same manner as a fin or other extended surface. The heat and mass trans-
fer coefficients will be increased by the contimal mixing action of the
screen. It is agsumed that all effects of the screen in the gas space can
be accounted for by suitable choice of the transfer coefficients.

It is further assumed that the gasket material which separates the
cells is a poor conductor of heat and thus that the matrix and distributor
plates are insulated at the edges y = +b for all values of x. It will be
shown that the heat conduction terms will be small compared with the other
heat transfer terms so that this assumption will be justified. Concentration
gradients through the thickness of the matrix will be neglected: that is,
although such a gradient probably does exist, this analysis will concern only
the concentration on the hydrogen side which affects the vapor pressure of
the water evaporating into the hydrogen stream. The above assumptions greatly
aid in the solution of the performance equations because they result in a
problem which is one-dimensional.

The agsumptions are summarized in the following table:

1. Hydrogen enters uniformly along the center line and leaves

uniformly at the edges.

2. 'The matrix, consisting of the two electrodes and the electrolyte

membrane, can be treated as a single unit.
(a) Elgewhere in this report "matrix" refers to the electrolyte membrane

only.
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The effects of the screen in the gas space can be accounted for
by suitable mass and heat transfer coefficients.

The matrix is insulated against mass and heat transfer at all
boundaries.

Concentration and temperature gradients through the thickness

of the matrix are neglected.

The distributor plate is insulated along y = 1p. Thus, there are
no gradients normal to the direction of flow.

The cell is one of a stack comprising a battery.
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6.3.1.2 Derivation of the Performance Equations

The six differential equations which describe the temperature and
concentration profiles in the fuel cell were obtained by making energy and
mass balances on differential elements across the cell and perpendicular
to the direction of hydrogen flow. Energy balances were written for the
matrix, the hydrogen stream, and the distributor plate. Mass balances were
written for the hydrogen stream, the water iIn the hydrogen stream and the
water in the matrix. These statements are summarized in the following
table which also shows the equation numbering system which will be used in

the subsequent derivations.

Energy Balances Mass Balances

drogen Water
Matrix Matrix
(Equation 1) - (Equation 2)
Hydrogen stream Hydrogen stream Hydrogen stream
(Equation 3) (Equation 4) (Equation 5)
Distributor plate -- --
(Equation 6)
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1. BEnergy balance on the matrix.

It will be recalled that the matrix refers to the "sandwich" com-
posed of the hydrogen electrode, the membrane filled with electrolyte, and
the oxygen electrode. Consider a volume element of this matrix which is

t centimeter thick, one centimeter wide in the y direction, and of length A x. The

heat entering this volume element is given by

dr . £
-k'ExE . + Gg (I) "Ax + cp(Ty - R)If + cy(To - R)I5 - c (T, - R)If

The first term represents heat in by conduction. The second is the irreversible
heat of the reaction. This term depends on the current density, I ma/cmg,
directly in that this sets the rate of reaction and indirectly since the ir-
reversibility is measured by the difference between open cell voltage and
the actual cell voltage. The latter is read from a polarization curve which
is a function of the operating conditions, particularly cuirent density. R
is a reference temperature for the heat of reaction,and the last three terms
represent the heat required to heat the hydrogen and oxygen up to this temp-
erature and then leave the liquid water product at the temperature of the
matrix. The factor f converts current density to gram moles per hour per
square centimeter.

The heat leaving this volume element is given by

-1<in dTm
dx

*hy Ax(Ty - )+ nAx(T - T) ¢ ky o Ax |B(N,T)

X + AX

- Pwh] [AHV + e (T - Th)]
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The first term is the conduction out at x + 4 x. The second and third termg are

convective losses to the hydrogen and oxygen streams. Since the oxygen 1s
dead-ended and the stoichiometric required oxygen is very small this latter
term will be small compared to the convective losses to the hydrogen stream.

Since we are first considering cases with hydrogen flows several times

stolchiometric, we will neglect the oxygen convective term for the present, The

last term represents the heat lost by vaporizing the water in the matrix at
point x and transferring it into the hydrogen stream at T, and partial pres-
sure of water P_, . P(N,T ) is the vapor pressure of water at the matrix
temperature Tm and over & KOH solution of normality N. Since the oxygen is
dead-ended, there is no veaporization on that side of the matrix.

Since we are looking for a steady state solution,the accumulation
of heat in this volume element must be zero. Setting the heat out equal to
the heat in, dividing by 4 x, and teking the limit as A x goes to zero gives

the first differential or performance equation

f
kp & Tm = Go(I) +ey (T, - R)IF + e (T - R)Iz - c (T, - R)If
dx2
- h2(‘1‘m - Th) - h3(Tm - TO) - kEAHv [P(N:Tm) - Pwh] . (1-1)

The heat of reaction varies slightly with temperature over the range of
temperature in a particular battery. Thus, if we take the reference tempera-
ture equal to the local matrix temperature, the only approximation involved
is that of using a heat of reaction based on en average matrix temperature.

Accordingly, our equation becomes

a4p f
Km —= - G (T) = (o If + ny) (T - Ty) - (e Ty + h)(T - T )
dx
-k, [P(N,Tm) —Pwh] [A H + cw(Tm - Th)] (1-2)
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This equation can be simplified by considering the magnitude of
a few of the terms. The heat capacity of hydrogen or oxygen is about 7 cal/g-
mole °C. Current densities have been measured up to 1400 ma/cm%'but the
usual operating range will probably be less than 500 ma/cmz‘ The hydrogen

consumed is

36008, l-g~equivalent . 1 g~mole 1 amp 2
hr
9649l amp.sec 2 g~equivalent 1000 ma cm
_ =5_ g-mole
= 1.865 x 10 "I hreon? ?

thus the conversion factor

a -5 g-mole
f = 1.865 x 10 ey
and the quantity

cal o
hrecm2 ¢

I

eIf = 7 x 1400 x 1.865 x 107 0.18

as a maximum. For laminar flow between parallel plates the quantity
W, /k & 8 (1-3)
The equivalent diameter for parallel plates is twice the spacing or 0.k

centimeters maximum. For hydrogen,k = 1.82 cal/hr'cmoc,so that

g 1.82 6 cal
Pin = ° 5% = 3% preen™c (1-4)
or
h») eIf. . (1-5)

In addition, the sensible heat required to raise the vaporized water from
the matrix temperature to the stream temperature is small compared with the

latent heat, that is

AB_ )y °(T -T) (1-6)
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since 'I‘m - T, will certainly be less than ten degrees. Inequalities (1-5)

h

and (1-6) state that the sensible heat terms involving reactants and product
going between the stream and matrix temperatues are negligible.
The performance equation becomes-

2
ke d 'im = Gm(I) - h2('l‘m - Th) - kEAHv[-.P(N,Tm) - Pwh:l (1-7)

&

The cell is symmetrieat x = O and the matrix is clamped in place
with gaskets so that it is essentially insulated at x = a. Thus we have

the boundary conditions

.dT_m o x =§ (1-8)
ax

]

2. Water balance in the matrix
Let Nw be the flux of water in the matrix in the x-direction,
g-moles/hr-cmz. Then, considering the same matrix volume element, the
water formed is II and the total entering is given by
nt| o+ f1dx

The water leaving is

NWt X+ AX +k2‘ A x [P(N’Tm) _Pwh]

Agaln, setting these two expressions equal, dividing by A X, and taking the

limit as A X goes to zero gives the second performance equation

aN
p o = fI -k [P(N,Tm) - Pwh] (2-1)
&=
Now ,
ax )
N, = - fo, S X (N * o) (2-2)

T2




where

total molal concentration of electrolyte

*—
It

o
1l

diffusivity of water in the matrix

W
Xw = mole fraction water inelectrolyte
At steady state,the molar flux of KOH, NKOH’ will equal zero. Thus,
NW = = *DW . dXW ’
1-X dx (2-3)
W
and the performance equation becomes
dx
t+Dw X, . 3 v - 1 - kz[P(N,Tm) - Pwh] (2-1)
l-XW dx2 J.-XW dx
with boundary conditions
X, o at x =§; , (2-5)
dx

since the matrix is insulated at the edges and the cell is symmetric.
3. Energy balance on the hydrogen stream.
Consider next an element of the hydrogen stream of unit width and

of length A x flowing between the distributor plate and the electrode or

matrix surface.

flow in <S4 flow out
<




The enthalpy in is given by

(WoBy + WpB) |+ By 4x(T - T) + k,AX [P(N’Tm) - Pwh] B

where the terms represent the enthalpy in with the flowing stream, the

convectlve transfer from the matrix, and the enthalpy associated with

the water evaporating into the stream, respectively. The enthalpy out is
(WhHh FW B L, ax? 'n14x(Th - T,) + fI. 8x-E,

where the terms represent the enthalpy out with the flowing stream, the

convectlve transfer to the distributor, and the enthalpy out with the

reacting hydrogen. Equating these two expressions, dividing by A x and

letting AX approach zero gives

d(WhHh + wwhHW)

ax = (T, - T) - by (T, - Ty)
+ k, [P(N,Tm) - Pwh] B, - fIR (3-1)
Differentlating the left side gives
aw.
wooh oy e o Thoe B R
h dx wh dx dx
Now,
dH dH . 47 dT
== = == = e== -
& © ar & ax (3-2)

and from the hydrogen amd water balances on the hydrogen stream

aw,
__E = -fI (k-2)
ax
aw
d;rh = k, [P(N,Tm) - rwh] . (5-1)

Th



Thus the performance equation becomes simply
daT _
(e + Wopey) —= - By (T, - Ty) - by (T - Ty) (3-3)
The inlet hydrogen stream temperature will be known so that the boundary

condition is

T, = Th(in) at x =0 (3-1)

k. Mass balance on the hydrogen stream.

The flow rate of hydrogen per unit width, Wy g-moles/hrscm, de-
creases in the direction of flow as the hydrogen is consumed in the electrode
reaction. Referring to the same unit volume used in the previous section,

a steady-state hydrogen balance may be written

Wh x Wh X+ AX + I BAx (h-l)
or
il R 2 (4-2)
dx
wilth the boundary condition
W, = Wh(ln) at x = 0. (4-3)

The solution to this equation is simply

W= W’h(in) - fIx. (1-1)

If we define the flow rate in terms of the parameter

hydrogen fed to the cell (4=5)
hydrogen consumed in the reaction ?

then the solution becomes

W, = fI(aF - X), (4-6)

where a 1s the length of the cell in the direction of flow. The change
in flow rate across the cell becomes negligible for the case when all cooling

is done by excess hydrogen flow.
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5. Water balance on the hydrogen stream.
The product water from the cell reactlon is removed by evaporation

into the hydrogen stream. The flow rate of water in this stream, W, g-moles/

wh

hrecm, increases with x. Considering the same volume element, a water

balance gilves

! TY

wwhlx+ A X = "wh

x k2Ax [P(N’Tm) - PWh] ’

which ylelds the differentisl equation

a
% = K [P(N,Tm) - Pwh]. (5-1)

This is a nonlinear equation since the partial pressure of water in the

P
hydrogen stream, h

and the total pressure,‘ﬂ' s lee.,

» is a function of the water and hydrogen flow rates

W
P = - _T. (5-2)
wh T W+ W

The partiael pressure of water in the iniet stream will be known so that the

boundary condition for equation (5-1) is

W, = th(in) at x =0 (5-3)

6. Energy balance on the distributor plate.

Heat can be transferred to the distributor plate from both the
hydrogen and oxygen streams. If coolant is belng pumped through chasnnels
in the distributor plate, there will be transfer to this stream also. This
will apply only to those points along x where coolant is flowing. To
denote these areas let the function S(x) be defined such that

0 if there is no coolant flowing at x

s(x) = (6-1)
1l if there is coolant flowing at x
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Let 1 be the distributor thickness and kd be an effective thermsl con-
ductivity in the x directlon. Then the heat input to a volume element

of unit width, 1 thickness, and 4 x length is given by:

- k-1 ;{T_d + h A x(ny - 1)+ oy A x(T - Ty)
X

The heat out is given by

ar
- k1774 + s(x)h.cA x(T, - T,)

d dx x +Ax
This leads to the performance equation
a°r

kgl 2 h(Tg - T) + b(T;-T) + S(x)h (T, -T) (6-2)

There 1is a restriction on this equation and therefore also on the hydrogen
stream equations which must be mentioned at this point. If the coolant
which is flowing in the distributoris too cold it will cause the water in
the hydrogen stream to condense. This must be avoided from an operational

viewpoint, so we introduce the restriction
T > Th(sat) , (6-3)

where Th(sat) is the dew point of the hydrogen stream.
Since the hydrogen enters from a channel Iin the distributor at
x = 0, a reasonable estimate for the initisl condition on Td is

Td(O) = Th(in) at x = 0 (6-L)

The boundary condition at x = a will depend on the final design. For some
type of fin extended from the distributor or for a coolant in a channel
along the edge,the end condition might read

T, = Td(a) at x = a . (6-5)

7




For the cases of gas cooling alone or gas cooling with internal coolant

channels the end condition becomes

| 3

6] at X = a (6‘6)
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6.3.2 Solution for the Dynamic System with No Auxiliary Cooling

For this case, the flow rate of hydrogen can be from twenty to
one hundred-fifty times the stoichiometric requirement. The heat transfer
terms on the oxygen side masy be safely neglected. In addition, there is no
coolant flowing in the distributor plates so that these terms in the
performance equation (6-2) are deleted.

The performance equations developed in the preceding section
lend themselves to considerable simplification. As a first approximation
to the solution, all the diffusion terms were neglected. This leads to the
linear solution described in the next section. These approximations are
not as severe as it first appears. The cross sectional area available for
diffusion of heat and mass in the matrix is very small. The thickness of
this unit is only sbout 0.06 inches. In its present state of develompment,
the distributor plate is conceived to be of thin sheet metal with comparatively
large gas spaces. Thus, its effective thermal conductivity in the x-direction
is quite low. An analog computer was used to solve the complete performence
equations. The results of this simumlation verify the assumptions of
negligible water diffusion in the matrix and negligible heat conduction
in the distributor plate, and show that the linear solution can correctly
be used in the design of a gas dried-gas cooled fuel cell system.

6.3.2.1 Linear Solution

For this solution it is assumed that the diffusion of water and
heat in the matrix and the conduction of heat in the distributor plate

are negligible. The performance equations become
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E 6w = By(T -T,) + AESI (1-9)

‘ / fI = k P(N,Tm) - %n 11'] (2-6)

|- / ) [ Wyt W

f [ ar, _ h2(Tm - Th) - hl(Th - Td)

j dﬁ Wly * sy (3-3)

\
T, = Th(in) at x =0 (3-4)
W, = w(in) - fIx (4=k)
d
-;EE = X [P(N’Tm) - Pwh] (5-1)
Wy = th(in) @ x=0 (5-3)
0 = hl(Ta - Th) (6-2)

Combining (5-1) and (2-6) gives

aw .

v

dx

- I (7-1)

and solving, using (5-3),

Weh = Wﬁh(in) + fIx . (1-2)

Combining (1-9), (3-3) and (6-2) ylelds

ar, _ Gp - AHVfI
b = : (7-3)
ax thh + W wh° -

and using the results (4-U) and (7-2)
aT, Gy - AHfI

oy oo A G
dx [wh(in)eh + th(in)cw] + fI(qw- ch)x

This equation can be solved, but a further simplification is possible.
For gas cooling, the hydrogen rate is at least twenty times stoichiometric,

i.e.,

Wh(in) » 20a(fI).




In order to avoid drying the membrane a high water content of the hydrogen

stream is maintained so that wﬁh is usually greater than twenty percent of

I 3 _ o _ _ _
W, - In addition, ¢_-= 8.1 cal/g-mole C and c, =6.95 put (e, - &) =1.15
so that in the range of x under consideration,
[wh(ln)ch + th(ln)cw] 5> f‘I(cw - ch)x . (7-5)
Thus, the solution to equation (7-4) is simply
T - T (m) + Cm - AR x . (7-6)

Wh(ln)ch + W’Wh(in)cw

The temperature of the matrix is found by solving Equation (1-9) to give

_ Gg - AHTI
Tw = T 7 - (7-7)
2

The vapor pressure of water over the matrix, P(N,Tm), is given

by a polynomial in N times the vapor pressure of pure water at T (Ref. 1).

By P (T,) (7-8)

1

P‘(N,Tm)

1 - 0.0350N - O.OO31+15N2, N6

e (T)- (7-9)
1.1836 - 0.0962N + 0.001685N°, W 6

A curve of By versus N is given in Figure 3. Solution of (2-6) for
P(N,Tm) gives

f W
wh —
P(N,Tm) = 7o+ I

W * Wy k,

So the gquantity

w&h ~—r + fI
T w)! X
= wh h 2

P,
N
Po(Ty) ’

can be computed for any point x and then N can be determined by reference

to Figure 3.
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VAPOR PRESSURE DATA CORRELATION
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0.6
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FIGURE 6-3 i




6.3.2.2 Analog Solution

To obtain an actual solution, the set of differential perfor-
mance equations was programmed for an analog computer. The diagram for
the circuit, with the variables written in unscaled form, is shown in
Figure 6-4, The results of this solution verified that the diffusion of
water in the matrix and diffusion of heat in the distributor plate were
completely negligible. The effect of heat conduction in the matrix was
slight. Temperature profiles given by the analog began with a zero slope
(dictated by the boundary conditions), but quickly became linear. The
temperature of the distributor was equal to the temperature of the
hydrogen stream and the temperature difference between the metrix and
hydrogen was the same as in the linear solution. For the case of gas-
cooling gas-drying, the temperature and concentration profiles are mono-
tonic, with their extreme values at the end conditions. These values
are the same in both solutions. The differences In the actﬁal profile
are small and it is concluded that the linear solution may be correctly

used in design of this fuel cell system.

6.3.3 Application to Dynamie System with No Auxiliary Cooling

A typical fuel cell system showing hydrogen, oxygen and
coolant streems is shown in Figure 6-5. Five parameters must now
be given to determine the system. Assume that the desired operating
pressure is 4 atmospheres, the current density is 450 ma/cm? eand the
cell voltage is 0.8 volts. Table 6-2 shows the normality ranges for

ten different cases under the above conditions.
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TABLE 6-2

' ’ Concentration Gradients as a Function of Inlet Flow Conditions

Hp leaving Maximum
condenser matrix temp Preheat
Ng;lsagr F Thc Tmout ATP Nin out
- - °Cc. - .
1 137 86.3 104.5 0 0.5 7.9
2 137 86.3 108.3 3.7 3.2 9.1
3 100 86.3 15.7 3.7 3.2 10.6
L 65 86.3 129.3 3.7 3.2 15
> 137 T0.9 100 10.4 6.4 11
6 137 75.0 100 4.9 3.9 10
T 110 7.0 105 k.9 3.9 1.2
8 T8 75.0 115 k.9 3.9 12.8
9 25 75.0 130 k.9 3.9 15
10 L7 75.0 138 4.9 3.9 17
I = 450 m:sp./c:m2 E = 0.80 volts T=L4 atm
F = Hp flow rate/stoichiometric Hp requirement

T, = Temperature Hp leaving the condenser

ATp = Temperature rise across the preheater
N;n = normality of entrance point
N .t = normality at exit point

T, . = Temperature of matrix at outlet (maximum matrix temperature)
ou




Consider first the system without preheater, i.e., in Figure 6-~5
let the area of the preheater equal zero. The choice of the condenser
outlet temperature then sets the inlet normality at 0.5. Reference
to equations (7-7) and (7-11) shows that without a preheat of the incoming
hydrogen the normality of the membrane near the entrance will always be
low. According to Equation (7~7) the difference between the matrix and

hydrogen temperatures will be

The difference between the equilibrium vapor pressure of water over

the electrolyte and that of the water in the hydrogen stresm is

P(N, 7)) - Py = .1.‘(’.1. .

The numerators of the fractions on the right side of these two equations are
small and an accurate value of the transfer coefficients is not necessary.
A discussion of the effects of these values, including the maximum and
minimum cases, is given in Appendix B. TFor the case under discussion here,

the temperature difference is about one degree Centlgrade and the difference




in partial pressures is sbout 0.05 psia. Since P, for this case is 7.85
psia, the value of P(N,Tm) is very ciose to P,,. However, P, was set by
the condenser as the vapor pressure of water, Po(T), at the condenser
temperature 86.3. This is only about one degree lower than the inlet
matrix temperature. Thus, if the water formed there is to be evaporated,
the electrolyte vapor pressure, P(N,ﬂm), must be high enough to transfer

water to the stream at Pwh’ Since

P(N,T,) = Pyg-Po(Ty)
and PO(Tm) is only slightly higher than Py, PN must be close to unity.
If the hydrogen stream 1s preheated slightly the value of Po(Tm) increases
and the inlet normality rises. A convenient source of this preheet is the
outlet hydrogen stream. Accordingly, all the remaining cases given in

Table 6-2 include a hydrogen preheater.

The remaining cases in TPable 6-2 show the effect of condenser
temperature and hydrogen flow rate. A lower condenser temperature, which has
the disadvantage of requiring extra area, sllows operation et a lower cell
temperature for a given flow rate (compare cases 2 and 6) or at a lower
flow rate for a given maximum cell temperature (compare cases 3 and 8).

At a given condenser temperature, decreasing the flow rate increases the
maximum cell temperature and the concentration gradient across the cell

(cases 6-10).
The fifth column, & T,» shows that the average normality of the

entire cell may be increased by increasing the amount of preheat.
The shape of the normality profiles for two cases with the

following conditions:



/7 = total pressure =1 atm
I = current density = 100 ma/cm?
Te = condenser outlet = 60°C
Tout = outlet Ho temperature = 88°C no preheat
= 91°C with preheat
F = H, flow ratio =75

is shown in Figure 6-6. In the first case, there is no preheat amd in the

second the hydrogen stream is preheated three degrees.
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6.3.., Summary - Dynamic System with No Auxiliary Cooling

The simulation predicts that for dynamic heat and water removal

with no auxiliary cooling:

1. The temperature and partial pressure of water in the bulk
hydrogen stream will be essentially the same as at the adjacent electrode
surface at any point in the cell at current densities at least as high as
450 ma/em®.

2. At the high hydrogen recycle rate required for the dynamic
system with no auxiliary cooling, the change in the water content of the
yydrogen stream as it passes through the cell is very small. Consequently,
for a given water content in the hydrogen entering the cell, the steady state
electrolyte concentration gradient over the face of the electrode will depend
only on the temperature gradient.

3. The temperature and electrolyte concentration gradients
should be independent of the number of inlet hydrogen channels,
and consequently,should be independ ent of the distance between the inlet
and outlet chamnels, at least down to distances at which the diffusion of
heat and/or water within the matrixbecomes significant. While additional
calculation estimating this distance remairsto be made, work already performed
on the ansalog ccmfuter indicates thét it is less than 1-1/2 inches.

Should calculation show that the intercim nnel distance required to even out
temperature and electrolyte concentration gradients is too small for
reasonable cell construction there would be no sdvantage in providing more than

one inlet and one or two outlet channels for the recycle hydrogen.
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4., Preheating of the hydrogen stream entering the battery,
preferably by the exit hydrogen stream, would be regquired to maintain
the KOH concentration above 3-SN at the gas inlet. (This would be
necessary since, as shown in Section 5, cell performance declines sharply
at KOH concentration below 3-5N, particularly at current densities above
100 ma/cm?,)
5. In a dynamic system with no auxiliary cooling, msintenance
of the electrolyte loading within the limits defined in Sectiom 5, e.g.,
2.0-3.0 g/g for ACCO Asbestos, may be difficult, since these loading
limits set 1limits of 2-3N variation in electrolyte concentration, regardless
of what electrolyte concentration initially is put in the matrix. On the
other hand, provision of auxiliary internal cooling should simplify the
problem of limiting the variation in electrolyte concentration to within
2-3N, by minimizing the temperature gradient. This, then, is an additional
advantage of the dynamic system with auxiliary cooling. In the Second
Quarterly Report&elt veas
would be more desirable than one without auxiliary cooling because the
former would require & considerably smaller hydrogen recycle rate, resulting

in a recycle pump weighing less and consuming less parasitic power,
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T. FUTURE WORK
During the fourth quarterly period, work on Phase I of the Work
Schedule will continue in the following areas: \
(a) Develop techniques for protecting or suitable materials for
replacing nickel electrode support screens. The use of precious metal
plating, inert plastic materials, or more resistant alloys will be studied.
(p) Investigate further the effect of pressure on cell
performance, and the inter-relationships between pressure and other
operating variebles such as temperature and electrolyte concentration.
(¢) Extend the study of operating variables to include temperatures
up to at least 150°C, and electrolyte concentrations up to the limits
imposed by solubility.
(d) Continue life-testing to study operation at higher
temperatures (to 100°C), higher current densities (200-400 ma/cm2), and
pressures above atmospheric. Improved electrode support materials will also

be evaluated.

In the third quarter, work on Phase II was initisted. This work
will be continued in the following sareas:

(a) The 6 inch x 6 inch cell will be evaluated in operational
tests over a range of operating conditions and test durations.

(b) Anglysis of heat and mass transfer problems associated with battery
operation will continue. In particular, the use of an internal coolant for
heat removal will be studied.

(c) Design of g 2 kilowatt battery, using bipolar separator plates
of novel construction, will be completed. The design will emphasize light-
weight construction, and will be based on the studies of the effect of operating
variables and the analysis of heat and mass transfer problems described in

the preceding pasragraphs.
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APPENDIX A

Nomenclature for Mathematical Analysis

Symbol

a

N

N
W

R

Definition
one-half electrode length in x-direction
one-half electrode length in y-direction
heat capacity of j
diffusivity of water in matrix
diffusivity of K+ ions in matrix
moles Hé consuned per hr. per ma of current
moles Hé fed /mole Hé reacted
heat generateg due to irreversibility with reactants
gggfring at R°C and the product being liquid water at

enthalpy of component j at temperature T

heat transfer coefficient at hydrogen distributor
plate

heat transfer coefficient at hydrogen electrode

heat transfer coefficient at oxygen electrode

heat transfer coefficient at oxygen distributor plate

Current density

mass transfer coefficient at hydrogen electrode
conversion factor

effective thermal conductivity of the distributor plate

effective thermal conductivity of matrix composed of
screen~electrode-solution and membrane-electrode~screen

thickness of distributor plate
normality of KOH solution in matrix

mass flux of water

P(N,T) partial pressure of water over matrix at temperature

T and normality N

partial pressure of water in j stream j=h=hydrogen
J=o=0xygen

reference temperature

9l

Units
cm
cm
)
cal/g-mole C
cme/hr
cm2/hr

g—moles/hr'ma

cal/hr-cm2

cal/g—mole

cal/hr-cm2 C

cal/hr.cm® °C
cal/hr.cm® °C

cal/hr.cm® °C

ma/cm2
g-moles/hr-cmgpsig
cal/hr-watt
cal/hr'cm2 OC/cm

cal/hr-cm2 °¢ /em

cm
equiv/liter
g-moles/cmghr

psia

psia



Symbol

Definition

thickness of membrane + electrodes
temperature

flow rate of j

distance coordinate
distance coordinate
molar concentration of "density"

total pressure

Subscripts

wh

hydrogen
oxygen
water
matrix
distributor
coolant

water in the Hé stream
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Units
em
°c
g-moles/hrecm
width
cm
cm

g-moles/cm3

psia




APPENDIX B

Effect of Transfer Coefficients

In the preceding discussion, it was noted that the lack of accurate
values of the transfer coefficients did not seriously affect the results.
This assumption will be most severe for the case of high current density
when the numerators in equations (7-7) and (7-10) are greatest. Consider then
case 8 in Table 6-2 in which I = k50 ma/em2. The inlet normality for
this case was 3.9 and the outlet 12.8.

The maximum value for k,may be taken as infinity. The minimum
value would correspond to pure molecular diffusion across the width of the

channel, § . This gives

_ D _ g-moles
k2 min ~ R_Sw;'l = 0.093 hr.cmc.psia

The kpvalue used in these calculations was 0.2. The values below show the small

effect of not actually knowing kp,including the extreme case of k,= 0.1 kz min

ko N N

in out

™ k.05 12.9
0.2 3.9 12.8
0.093 3.8 12.8
0.009 2.1 12.2

For the heat transfer coefficient we may again take the maximum
value as infinity. For the minimum value, let us assume that the hydrogen
1s in laminar flow between the parallel plates of the electrode snd distri-
butor, but neglect the mixing effect of the screen and its addition to the

heat transfer area. 1In addition, assume that the heat is generated not at
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the surfsce of the electrode but at its center and that all the heat must
be transferred to the surface through the least conductive material in the

electrode, i.e., Teflon. For laminar flow between parallel plates

h:De ~ 8
k
or
, _g. L& _ . _cal
zmin < 0.2 7 hrscme ¢

Also through half the electrode

AT = (a/A) 31@ = 2.1%

A value of hyof 360 was used, based on the assumption that after each wire
in the screen,the hydrogen is mixed and the effect is similar to the heat
transfer in the inlet region of a channel. The extended surface of the
electrodes furnished by the screens and the turbulence caused by the gas

flowing around the screens both will increase the value of h,over h, min®

The calculated concentration differences resulting from these several valus=s

of hpare shown below.

N. N

in out

h, = o™ 3.8 12.8

hy, = 360 3.9 12.8

h, = 76 k.9 13.1
h = 76 plus a 2.1°C rise thru the

electrode 5.8 13.4

Thus, using reasonable or even minimum values for the transfer

coefficients does not seriously change the results.
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